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Project Summary

Ve nhave cbtained CW laser action in the ultraviclet in a

silver-necn plasma excited by an electron beam. Laser oscillaticn
was cbrained in the 218 nm transition of AglI. Excitation of the
laser uprer level occurs by charge transier collisions petween

grocund state neon ilons created by electron beam ionization and

[¢e]

silver atzcms. CW laser oscillacion was also cbtained in the 478.

These results were obtained operating high voltage glow

iischarge eleciicn guns in a neon atmosphere for the first time.

(o)
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97}
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Previcusly, electron beam excited CW lasers were limited to the use
of helium as the major atomic component of the gain medium. The
successful use of neon significantly increases the number of
possible laser lines that might be excited by means of selective
energy transfer processes involving quasi~resonant collisions. Of
particular interest are the Cull laser lines in the vicinity of 260
nm. L
Laser output powers of 60 mW and 14 mW were cbtained in the
visible and ultravioclet transitions of AgII respectively using
non-optimized optical cavities. These results were obtained making
use of only approximately 20 percent of the volume of the electron
beam created plasma to generate the laser radiation. A significant
increase in the laser output power ccould be cbtained by optimizing
the overlap between the mode volume and the electron beam plasma

volume. No saturation of the laser output power with discharge
v . souesad




current was cbserved up to the maximum current investigated which
was 1.45 A. A more complete description of tne experiments is
given in appendix 1.

In summary, we nhave develcped a CW electron peam laser capabilie
of oscillating in transicions corresponding to elements requiring
Nyl vaporiZalilh Clipeiacusnc. CW laser oscirilation was
demonstratad at 478.8 and at 318 nm in singly ionized silver in a
Ag~Ne plasma. This is the first time that electron beam excitation
nas been successfully used to pump a CW ultraviolet laser.

tbstitution of the silver bv ccpper is expected to result in CW

w

aser action in the 248-270 nm region.

b

During the period of this grant, we also extended out study of
laser action in the flowing negative glow plasmas. In this scheme,
energetic electrons produce a negative glow plasma in a localized
region. This plasma is then expanded by a fast gas flow to form a
plasma plume in which the plasma ions recombine with cool electrons
to excite laser transiticns. The separation of the excitation
regicn frem the recombination region allows us to obtain CW laser
action in atomic and ionic systems in which the excitation of the
lower level would forbid the generation of population inversions in
the presence of energetic electrons. Previocusly using this device
we demonstrated CW laser action by three-body electron-ion
recombination in infrared lines in CdI. We have extended CW laser
operation to Arl and have also obtained pulse laser operation of
infrared lines of PbI, PbII, ZnI, SnII, Hp, Arl and Nel. The

dependsnce of the laser intensity as a function of the discharge

~—-———




carameters and position of the recombining plasma plume was studied
in ArI, 2bI, PbII, ZnI and SnlI. We also demonstrated that the
addition of hydrogen aids plasma cooling and significantly
increases the laser intensity. The results of our study are

summarized in appendix 2.




Appendix 1

CW Ultraviolet and Visible lLaser Action from Ionized Silver

in an Electron Beam Generated Plasma

B. Wernsman, J. J. Rocca® and H. L. Mancini

Eleccrical Engineering Department
Colorado State University

Fort Collins, CO 80523

Continuous wave Laser oscillation was obtained in the 318.1 nm

and the 478.83 nm lines of AgII in a neon-silver vapor mixture

excited by glow discharge electron beams. Laser output powers of

14 mW and 60 mW were obtained in the ultraviolet and blue

transitions respectively using non-optimized optical cavities.

a) National Science Foundation Presidential Young Investigator
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Previcusly, we reported laser action in more than 50 ionic and
atomic laser lines using electron beam excitation of helium-metal
vapor plasmas [1-2]. Different population inversicn mechanisms

including charge transfer [1,2], collicsional electron-ion

recombination [3], penning ionization [4] and dissccilative
excitation (8] have been successfully used to obtain laser
oscillation in plasmas generated by glow discharge electron beams.

DC electron beam excitation has been demonstrated to prcduce high
CW laser pcwers as 1.2 W was obtained in the blue lines of ZnII.
{1]. Hcwever up tc date CW laser action by electron beam
excitation was limited to the infrared and the visible regions of
the spectrum and to the use of helium as the major atomic component
of the gain medium. Herein we report the operation of a CW
eleccron beam pumped laser in the ultraviolet for the first time.
Also we have demonstrated the use of neon as a buffer gas thereby
significantly increasing the number of possible laser lines that
might be excited with this type of excitation by means of selective
energy transfer processes involving quasi-resonant collisions [8&].
CW laser action was obtained in the 318.1 nm [5s? 14 - 5p
3F39) and the 478.8 nm [5s2 1Dy - Sp 1P1©] lines of AgII in a
necn-silver plasma excited by a multikilovolt dc electron beam.
The laser upper levels are populated by charge transfer collisions

between ground state neon ions and ground state silver atoms as

previously observed to occur in hollow cathode discharges [7]. The

majority of the necon ions are created by electron impact lonization
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as a consequence of the colliisions between 2igh energy elactrons

and necn aToms.

recently used to cobtain laser action in the infrared in a He-Ag
mixtzure, and 1. has been described in detail in a previous
publication [Z2] The _aser active medium is a neon-silver plasma

generated inside a molybdenum tutbe 20 cm in length with an inside
diamerter of 0.9 cm by the excitation produced by two glow discharge
electron guns. A compact tantalum ribbon heater surrounds the

emperature toO vaporiz
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silver and obtain the metal vapor density required for laser

H

operation. The plasma tube and the heater are placed on the axis
of an electromagnet that produces a magnetic field with the purpose
of guiding and confining the electron beam. The magnetic field
minimizes the scattering of energetic beam electrcons to the walls
of the plasma tube and consequently allows for a more efficient
deposition of the electron beam energy into the plasma. An
electron beam is injected into the plasma tukbe from each end using
two electren guns connected to the same dc power supply through
separate ballast resistors. The use of a pair of electron guns
instead of cne allows for the generation of two counter-propogating
electron peams which produce a more unifecrm plasma and increases
the available pumping power. The electron guns, which have a 0.5
cm diameter hole through their axis to allow the passage of laser
radiation, are constructed using molybdenum-magnesium coxide

sintered cathodes that can produce high current dc¢ electron beams




in an oxvgen free atmosphere [8,2]. The beam electrons are emitted

following ion pombardment of a cathode area that is 2.6 c¢cm in

A small neon fliow 15 maintained thrcugh the electron gun
charkers which are olaced at each end of the plasma tube, Necn is

introduced tnhrough Two independently controlled needle valves and

[&]
b

i3 circulated v a rotary cump. A small pressure difference (
Torr) 1s maintzined between both chambers to establish a small gas

low through the plasma tube with the purpose of cbtaining a more

|-

even distribution cf silver vapor in the entire medium. For al

purposes the silver vapor 1s confined to the inside of

j6]
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asma tube, and the electran guns which are placed 16 c¢m from

T
&)
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T
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ends of the plasma tube operate in a pure neon atmosphere.

The current-voltage characteristics of the high voltage neocn
glow discharge that produces the electrcon beams differs from thcse
for the helium discharges used in previous experiments. This is a
consequence cf the difference in the ionization cross-section,

onization energy and ionic mobility of both gases {[10!. The I-V

Fo-

Laracteristics of the high voltage neon glow discharge are

q]
fu

illustrated in figure 1. The data was obtained operating the twc

lectron guns simultanecusly in the presence of a macnetic field as

D

fon

5 done for laser operation. The electromagnet current was
adjusted to produce a magnetic field of 3.07 kG in the center of
the plasma tube. At 16 cm from the ends of the plasma tuhe where
the emitting surfaces of the electron guns are located, the
corresponding value of the magnetic field was measured to be 27

Gauss.




Tigure la illustrates the wvarliaticon oI The LasSer Qulput oower
2f =“he 473,23 nm o lime oI AgI. as 3 Iunctizn of —he dilscharge
Tursant The datz zZcrrespeonds T the use 2I 3 ncn-cptimized
cgmizal Tavity Ionstrocted with oz I3t tTotal rellsctIing mirrcr ana
3 2 m radlus oI Zurvature TuTput SSUpLIng mirscr DAaVing a
Transmissivicy I 1 a= 478 nm The dischargye current Thrashc d
fcr laser actlicn occurred 3t .72 A, and the TW outtut power <©I The
clue linme increased linearly <O 2 wvaluc °I &0 mW 2t The maximunm
2 ectrcn beam discharge current lnvestigatcd, 12 A, The heater
socltage and current were 54 Vo oand 121 A respectively, and “he valu=
of <he wagnetic field was 2.2 XG Zue "o the higher lgcnization
cross-secticon of necn and the correspeonding shertzer electron
mean-free path for the beam electrens, the coperacicn of the Ne-Ag
laser reanires lower pressure than the He-Ag infrared laser (2}
The cptimum average neon pressure was found ¢c ze 1.2 Torr we
note that with the coptical cavity and =2leCtron gun Jeometry
w@scrined apcve only approximately twenty rercent c¢I The TICLal
plasma volume 1is used to generate laser radiaticn, and an increased
lager ~mtrut nower cculd ke obtained by cptimizing the overlap
cetween the mode volume and the electrcn pbeam glasma volume. The

varlaticn of the laser cutput power as

agnetic £ield is illustrated

pplied m

-

[2].

ln a He-Ag mixture

a functicn 0f the externall
in figure 2b. The derendence

milar to that previously cbserved for the 840.4 nm line of
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Appendix 2

_aser (Cscillation in a Flowing Negative Glow Plasma

tH
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Continuous wave laser oscillation by electron-ion reccmbination was

r

{1}

vicusly demonstrated by J. J. Rocca in cadmium using a flowing using

§o

a flcwing negative glow plasma [(1]. Negative glow plasmas have an
b

1

1

ty

gy distribution in which energetic beam electron and

C

(1
Y

on

I

ne

A

[0}
H
0

upercccled seccndary electrons ccexist under steady-state conditions
and can be advantageously used for the excitation of recombination
lasers. The ideal plasma for a recombination laser should have both a
large density of energetic electrons for efficient ionization and a
large concentraticn of cool electrens for rapid recombination. By
using electron beams, it is possible to generate stationary plasmas
that are simultaneously dense and cold. In negative glow plasmas, the
ionization is due to energetic beam electrons. Secondary electrons,
which result from ionization processes mostly with zero energy, can
only gain energy from elastic collisions with beam electrons and in
superelastic de-excitation processes. These electrons are thermalized
at a low energy by frequent collisions with gas atoms. In stationary
negative glow plasmas, the energy of the thermalized electrons is
typically 0.1 eV. A fast gas flow is used to create a plasma
recombination region without energetic electrons with the purpose of
avoiding electrons impact excitation of the laser lower levels, which

frequently forbids CW laser oscillation by electron-ion recombination

(x1.




Herein we discus the use of the same flowing hoilow cathode laser
system to demonstrate near-infrared laser acticn in lead, tin, zinc,
hvdrogen, argon and necon. Continuous wave laser oscillation by

—

collisicnal electron-ion reccmbinaticn was observed in argon. our
inral recombination laser transitions were opserxved in a
vulised mcde in PbI, PbII, Znl and SnlI. In additicn, six other laser

transiticons excited by other mechanisms were obserwved in hydrogen,

argon, tin and neon.

4
4
3]

lowing Heollow Carhode laser Svystem:

[ 1)

A schematic representation o0f the flowing hollow cathode laser

th

system used for the excitation of recombination laser action is shown

[N

n figure 1. A discharge is established between a hollow cathode and a
mesh ancde. The cathode has a slot 4 cm long, 1.2 cm deep and 0.2 cm
wide. Helium first £flows through the anode mesh and then thrcough the
cathode slot at a flow rate of 6 liters per minute measured at 760
Torr. Argon or neon i1s added to enhance cathcde sputtering. A rotary
pump with a pumping rate of 1000 liters per minute is used to initially
evacuate the vacuum chamber to a pressure of 10~3 Torr and to establish
the gas flow. The gas flow creates a recombining plasma plume
downstream of the cathode. The hollow catheode is made of the selected
laser material and is soldered into a water cooled copper body. Metral
vapor is produced by sputtering of the hollow cathode material. Glow
discharges were created using pulsed and dc power excitation. Pulsed

currents reaching 35 A with pulsewidths between 10 and 50 pgs at a
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Schematic representation of the flowing hollow cathode
laser system. The positioning of the collimators and the
setting for the zero point for the measurements of the
distance between the cathode and optical path axis are
also shown.




frequency of $00 Hz and dc currents up to 2 A were used for the

o the latter case, a 500 Q series pallast resistance was

usad. A dense rnegative glow develops within the cathode slot, and a
shorTt ceositive column 1inks it to the ancde The plasma in the slot is
exzanded dewnstr2am Ircm the gas inlet by the flowing gas o Zorm a

. - B e - 7 Y. e - =2 .
statigonary lcow temperature recompining plasma ciume as shown in Sigurs
.

Tigure 2 is a piczure of the discharge structure showing the ancde

2.3ss3 tube that is movaple with respect to the axis of an cprical
resonator using a dynamic vacuum seal. The ability to mcve the giass
tube allowed the exploration of laser action in different regions of
the recombining piasma Jet. To make spatially resolved measurements of
the emissicn of the different regicns of the recombining plasma plume,
two 2 mm diameter collimators were used. The collimators restricted
the portion of the recombining plume being observed. Figure 1 also

shows the setting of the zero reference for the measurements of the

distance from the cathcede to the axis of the cptical path. The zero

t

reference pesition is set such that the cathode positicn is adjusted to
tcuch a helium-necn laser beam centered in the collimators.
The optical cavity for the laser experiments was made of two

mirrors each with a 2 meter radius of curvature. Two sets of mirrors

ive

el

were used: one set has a dielectric ccating that 1s highly reflec

(R 2 95%) in the 1.0 - 1.5 um spectral region, and the other is highly

-

reflective

n the 1.5 - 2.0 um spectral region. The optical cavity was

set with 1ts axis in the same plane as the cathode slot. A Ge
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Figure 2: Photograph shcwing discharge structure of flowing hollow
cathode.




chotodiode with a rise time of 20 ns was used to detect the laser lign:t

that was emitcad,

IZI. Recompinarion Tasing in Tead:

Two Lead laser transitions were ciserved undcder pulsed excizazicn in
the flowing aftercglow wnen the slictuted cathode was Zfapricated ¢ l=a2d
The measurad laser wavelengtiis are 132122 - 2 and 122186 = 2 A The

. -
P - 3° 1 : £ - ) 3 - : 2
emission Is assigned to the 131C00.1 A line c¢f PrI (7p =-P- - Ts 2.0)
G =ma 13275 3 A Tin £ DRTT (f5 2r o -4 2~ —merEe (A
and the 12.215.% A line o PblI (8D <F5,2¥ - 7d 4¢Dgyp) resgectively [2
— 7 - Y
W. T. Silfvast, L. H. Zzeto and O. R. Weccd II repcroed a PbI <ransitizco
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and Zhukov, Latusnh,

13226.9 A laser transition of PbII ([5) A parcial Grectrian diagram

showing these two transitions is given in figure 3. The lead

'pa
2.
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(a9

transiticns did not lase in a CW mcde where a dc current up £o
applied.

-

The cutput inteasity of the PbI and PbII laser lines
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discharge currents is shown in figure 4. Th

A was ckserved to lase both in a He-Ar mixture and in pure Ar. Based
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cn this fact and frcm the spa cn cf the laser cutgut
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which ceaks at 0.5 - 1.0 cm from the thode depending ¢cn the discharge

>

c 1t, it 1is inferred that the PbIl line is an electron-icn
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recompination excited laser transition.
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Laser Output Power (rel. units)
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Cistcnce from Cathode to Opticcl Path Axis (cm)
Laser cutput of the two Pb laser transitlons
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axclzad by the Zollowing manner First, high energy electrcns colllide
wizh the hellum azTcms excizing them t<c the metastable states ci the
nelium atcm and o cthe ground state ©f the helium icn. Electrzon

ccollisicns wita nelium dominats over thos2 witch lead since lzad is an

~

curizy in the helium buffer gas. A Iraction cof the helium ions and

ead atoms
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2main in this state until theyv collide witly the

transfierring their stored energyv to the lead atoms through a charg

transfer cor Penning rsactlion Trhese euxcited lead icns then cascade
radiatively and collisicnally to the PbII ground state. The PbII icas

then undergo three-zcody electron-ion recombination preferentially
pcrulating high lying levels in the lead atoms. These atoms then
undergc radiative and collisional de-excitation to the laser urper
level where an inversicn 1is created, and laser oscillation can take
place.
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thcugh
icns. 2Zhukov et. al. have attributed the excitation of this laser
transizion in the tempcral afterglow of a positive column glow

cf the PrII:
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He*(1ls 2S,,p) + Pb(ég?
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This typve oI hybrid Dufifendack-Penning reacticn has been confirmed to
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‘zn high efficlency in a He-Pb afterglcw [6]. In a helium
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.. . . . - 1 2 .
glcw wizh an ion censity cf 1011l cm™3 and a Hey Sy) densit:
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of 1029 cm~3 the excitaticn of nighly excitad states of singly icnized

Lo 3
t

(0]
£
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i2ad was cbserved to be as strong as the direct excitation o

lving lsvels by conventicnal Penning reactions [5]
A Penning iconization could alsc centrifute to excitaticn of the
PblI laser transiticn A3 shewn in figure 3, Penning ionization

+ e’ + AE(0.44 eV). (2)

vy . . * 1 . . . . : .
However, the Hey (2s +Sp) pcpulation is limited by superelastic

e

electrcen de-excitation, and in flcwing afterglow helium experiments,

the only metastable atcoms present in gquantities detectable by optical

abscrpticn are those in the Hey™ (2s 351) level [6]. Never the less,
excitaczicn of the laser upper level from the HeM*(2s 351) is not
energetically allowed. Consequently, wnlle Penning excitation probaply

makes a contripution to the excitation of the Pb*™(6f 2?7/20) state,

reccmbinaticn frcm doubly ionized lead is likely to be the dominate

The plots of figure 4 also depict that an increase in the
L g ¥
excitation current causes the position corresponding to the peak of the

laser intensity to move away from the cathecde. This dependence is due




£to a higher electron density at higher currents which increases the

or both

rh

superelastic electron de-excitation of the laser upper level

Figure 6 illustrates the laser output and the time delay with

cns

}o-

resvect to the end of the current pulse £for both lead laser transic

ty
a4}

at

1]

as a function of the He flow. A constant flow of argen at a o
1.1 liters per minute was used. The laser output intensity ©f the Pbl

recombination laser transition increased while the time delay decreased

as He was added to the flow. This result is probably caused by the

3

th

Heba ficient cooling of the plasma which increased the electron-ion

D

e

'y

eccmbination. The laser output of the PbII laser transition 4id not
occur until the He flow was greater than the argon flow. This shows
that the excitation of this laser transition is helium dependent and
eliminates the possibility of direct electron impact excitation of the
PbITI laser transition. The helium flow at which the PbII transiticn
started to lase was 2.5 liters per minute. The cutput increased with
increased gas flow until the flow was 3 liters per minute. The time
delay was simultanecusly observed to decrease slightly. This increase
in the laser output and decrease in the time delay is attributed to a
higher excitation of the laser upper level. The drop in the laser

output for a helium flow above 3 liters per minute was accompanied by a

increase in the time delay. This phencmena is possibly due to a

w
-
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ecrease in cathode sputtering. Laser action in the PbI transition was
also coserved to occur in a pure argon discharge. Figure 7 shows the
derendence of the laser intensity of the PbI 13100.1 A line and its

time delay with respect to the end ¢of the current pulse as a function
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Figqure €: (a) Time delay and (k) laser output intensity for the
7

13100.1 A PbI and 13216.9 A PbII laser transition as a
function of He flow. Discharge current was 7 A with a
pulsewidth of 30 fs. Ar flow remained constant at 1.1
liters per minute which means it dominates for the first
half of the plot. Distance between cathode and optical
path axis was 0.1 cm. No ccllimators were employed.
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Figure 7: (a) Time delay and (b) laser output intensity for both
the 13100.1 A PbI and 13216.9 A PbII laser transitions as
a functicn of the discharge current. Current pulsewidths
were 30 Hs. Distance between cathode and cptical path
axis for the recombination and Penning excited laser
transitions were 0.5 and 0.2 cm, respectively. Gas flows
were 1.3 liters per minute for Ar and 4 liters per minute
for He. No collimators were used.
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of varying argen flow. These plots show that as the argon flow

increased the laser cuzput diminished and the time delav increased.

raccmoination laser transition output increased and the corresponding
time delay decreased when the current was increased from the threshcld

el

value of 2.8 to 6 A. This increased laser intensity and cecreased time
delay ccrresconcded to an increase of the electron-icn recombinatidn
rate and of the small signal gain with larger currents. However when
the input current was increased above 6 A, the laser output decreased
and the time delay increased. This behavior is due to the increase in
superelastic electron de-~excitation of the laser upper level due to a
higher electron densityv.

When the input current changed from its threshold value of 1.7 to 5§
A as shown in figure 8, the laser output of the PbII laser transition
increased while the time delay decreased slightly. The increased
outzut and diminished time delay are a consegquencce of a higher oumping
rate which increased the number ¢f helium ions and consequently the
PbII ions. The decrease c¢f the laser output for discharge currents
abcve 5 A might be due to superelastic electron de-excitation of the

laser upper level which diminishes the pcpulation inversion. Lead was

nct observed to lase in the 1.5 - 2.0 Um spectral region.
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Figure 8: (a) Time delay between the laser pulse and the end of the
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Us. Distance between cathode and optical path axis was
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IV. Laser action in Tin:

Replacing the slottaed lead cathode with one made of tin enabled the
acnievement of an icnic tin laser transition. The measured wavelength

+# 2 A. The gas flows were 1.3 liters ger
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minute Zor Ar and 4 liters per minute for He. This line is assigned to
the SnII transition of 10738.7 A (5f£ 255,50 - 6d 2D5./5) [2,7]. V. V.
Zhukov et. al. observed & laser transiticn in Sr7TI at a wavelength of
10740 A and assigned it to the 5fF 2F7/2° - 6d 205/2 transition [5,8}].
The S5f 257,29 - 6d 295/2 transition correspcends to a wavelength of
10743.3 A (2,7]. A partial Grotrian diagram of SnII shcwing this laser
transition is given in figure 9.

A plot of the laser output intensity as a function of the distance
between the slotted cathode and the optical path axis is given in
figure 10. This plot is similar to that of figure 5 corresponding to
the PbII laser line.

Zhukov et. al. attributed this SnII laser transition observed
during the afterglow of a positive column glow discharge to an
electron-ion recombination reaction of the SnIII ground state which was

excited by the reaction

He* (1s 251,,) + Sn(5p2 3pg) — = sn**(5s2 lsg) + Ee(ls? lsg)

+ e~ + AE(2.6 eV) (3)

as they did for the PbII laser transition.
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Figure 10:
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Laser output intensity of the 10738.7 SnII Penning excited
laser transition as a function of distance between the
cathode and optical path axis. Discharge curreant was 6 A
with a pulsewidth of 27 Us. Gas flows were 1.3 liters per
minute for Ar and 4 liters per minute for He. Two 2 mm
diameter collimators were used.
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As seen in figure 9, the metastable Heyn (2s 351) level cf hel

A ilium
lies clecse to the laser upper level of the SnII laser transition. The
Penning excizaticn process that is likely to contribute to the
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Hey™(2s 3Sy) + Sn(2p? 3py) ———= ne(1s? 154) + SnTT(3f 253, 5°)
+ e” + AE(0.1l1leV) (3)
Penning reacticns cf the type of (4) have a high prcbability of
cccurrence (0 ~ 10715 cmz) {8]. Consequently, it 1is pcssible thaz a

significant part of the laser excitaticn might cccur throucgh Penning
collisions with helium metastables as in the case of PbII.

The SniII transition was unable to lase CW when a dc current of up
tc 0.8 A was applied tec the slotted cathode. The discharge arcz2d at
larger currents before the threshold for CW laser action cculd be
achieved. Laser action in tin was not obserxrved in the 1.5 - 2.0 um

spectral region.

Intengity by Huydrogen Plasma Cooling:

Pecombination lasing was also achieved in ZnI when the slotzed
cathode was made of zinc. The cbserved laser transition wavelength was
12152 + 2 A. This corresponds to a Znl reccmbination laser transiticn
previcusly regorted by Wood II, Macklin and Silf-wast (3], assigned to

.

zhe 12151.4

b

}-3

A line which had a level designation of Sp 3910 - ss 3s..

-
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lizers ger minute for Ar and 4 liters rer minute for He. A gartial
Growrian diagrznm displaving this laser transition is shown in Zigure
The electrcn~10n reccmbinaticon rate depends upon the electren
“amperatura cn the corier of Te‘9/2 Thereifore, the ccoler the glasme
the nigher the colllisicnal recombinatlicn reacticn rate maxking
ewclitatlicn Tnrougn electron-icon recompinaticn more efflclent The
addition of hydrccen was observed £2 enphance the laser cutput intensizy
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expectad -0 enhance the laser cutpu:
obserwvation.

Tigure 12 shows the laser cutput intensitcy of the Znl reccmbination
laser transiticn as a function of the distance between tiie cathode and
cptical cavity axis. The relative laser intensity, both with and
without the addition of hydrogen, is given. The gas £lows in the
ischarge with hydrcgen were 1.2 liters per minute for H,, 1.3 liters
cer minute for Ar and 2 liters per minute for He. The additicn of
hvdrzcgen causes the reccmbination reaction to kbe enhanced and laser
action to occur closer to the cathcde. Figure 13 illustrates the

-

dramatic increase in laser output pcower obtained when Hp is added to

~ne discnharge. This figures alsc shcws hcow the time delay tetween the

end of the current pulse and the bteginning cof the laser pulse shrinks
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Laser Output Power (rel. units)
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er output and .he time delay
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tecween the end of the discharge current pulse and the peginning of the

laser pulse 2as a functicon of curzrent Ior beth the inclusicn and

exclusicn of nhydrocgen is given in figure 14. The additicn ¢f hydrogen
2 -he vlasma caused the laser cutput peak to increase, time delay <o

ecombination laser transition was not observed to lase in the

The 2nl ¢ 1
CW mcde regardless c¢f the addition of hydrogen. Also, zinc did not
lase in the 1.5 - 2.0 Um spectral ragion.

VI. Cocntinucus Wave Recombination lasing ia Ari:

Reccmbination lasing in neutral argcn was cbserved with slotted

=1

cathccdes made of cast iron, tin or ccprer. The most detailed study o

lasing in ArI was ccnducted using a cast iron cathcde, and the results

reror-ed hereafter correspond to this case. The observed wavelength of
the transition was 12704 + 2 A. The gas flow was 1.3 liters per minute
0of Ar and 4 liters rer minute of He. This line was assigned to the ArI
(3d' [3/27119 - 4g' [1/2])71) transiticn with an actual wavelength of
12702.2 A [7]. A partial Grotrian diacram showing the ArI laser
transition is given in figure 15. Solanki et. al. repcrted that pulse

excitation of this laser transition caused by the contributions of both

actren impact and recombinaticn in the stationary (non-flcwing)
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Tigure 14: (a) Time delay and (b) laser ocutput intensity of the
13151.4 A 2ZnI laser transition as a function of the
discharge current. Plots for both with and without .
hydrcgen are given. Gas flows were the same as those in
figure 4.13. Pulsewidth was 1C Ms, and two 2 mm
collimators were used. Distance from cathode to optical
path axis without Hp was 0.8 cm and with Hp was 0.5 cm.
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negative glow inside a hollow cathode slot [10]. Solanki ez. al. also
observed CW cperation of this ArI laser line while using a hollow
cathode device. They surmised that the CW mode ©f this transition was
pumred via electrcn impact. This ArI laser transiticn has also been

observed to ke superradiant (11].

=
-

Tigures 16 shows there are two peaks in the output intensity cf t

¥

e

127C02.2 A laser transition as a function of position of the axis of t!
optical cavity with respect to the cathode when the discharge was

exciced in the pulsed manner. The peak in the laser cutput intensity
at 0.3 cm distant from the cathode is attributed to excitaticn
following electron-icn recombination as in the case of the

laser lines. The inve

8]

sion in the region of the plume closer to the

ceive a contributicn from another excitartion
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[
e
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cathode 1is

mechanisn.

try

igure 17 shows the laser output intensity and the time delay

Ve

tetween the end of the current pulse and the beginning of the laserx
pulse as a function of the excitation current. The pulsewidth of the
current pulse was 20 HUs. Measurements were done at the cathode edge
and at 0.5 cm from the cathode. As shown in this figure, the laser
pulse time delay for the portion of the plasma at 0.5 cm from the

cathode decreased when the input current was changed frcm the threshold
value of 1.25 to S A. Tnis time delay decrease corresponds to an
increase in the laser output intensity also shown, and it is attributed

£o an increase in the electron-ion recombinaticon rate due tc a higher

elect-rzcn density. Hewever, when the current is increased above 5 A,
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Laser output of the 12702.2 A ArI laser transition as a
function of discharge between the cathode and optical path
axis. Discharge current was 7 A with a pulsewidth of 20
Us. Gas flows were 0.6 liters per minute for Ar and 5.5
liters per minute for He. Two 2 mm diameter collimators
were employed.
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Figure 17: (a) Time delay and (b) laser output intens:ity of the
12702.2 A ArI laser transiticn at 0.0 cm (+) and 0.5 cm
(@) from the cathode as a function of discharge current.
Current pulsewidths were 20 Us. Gas flows were 0.3 liters
per minute for Ar and 5.5 liters per minute for He.
Two 2 mm diameter collimators were employed.




while the time delay increased. The excessive electron density causes
superelastic electron de-excitation of the laser upper level to begin
docminating over the excitation processes.

intensgity apd timc delay nf rhae ansec for laser
actizcn in the region of the flowing plasma near the cathode Is also
shown 1n f£igure 17. As can be seen, the time delay of the onset of the
laser pulse after the end of the current pulse reaches 50 us.

Energetic electrons scattered out of the cathode slot could in
principle contribute to the excitation in the region close to the
cathode. However for this to be possible, electrons with enough énergy
to excite the transition are required to have lifetimes larger than the
measured time delay cf the laser pulse. The lifetime of a 300 eV
electron was calculated for this purpose. To estimate a lower limit
for the electron lifetime, one may assume that the most important type
of collisions that the electron can initially go though are ionization
and metastable creation of helium., The cross sections for these
reactions (0 =~ 1017 and 10718 cm-2) are larger than any other cross
sections for excitation from the ground state to any other excited
level [12), and also the density of helium in the discharge is nearly
20 times that of argon. The calculated lifetime of a 300 eV electron
for its energy to drop to a value too small to excite the laser upper
level was calculated approximately to be of the order of tens of ns.
Consequently, the observed 50 Us time delay is excessive for the
electron impact reaction to aid electron-ion recombination in achieving
a population inversion. Therefore, there must be another excitation

mechanism to make laser action possible for this portion of the spatial

laser output profile of figure 16.
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Another type of reaction that needs to be investigated in relation
with the excitation of the ArI transition is dissociative
recombiration. There are two possible dissociative recombination
reacticons. The first 1s dissociative recombination of (HeAr)*. This

ion is formed bv:

(9%

Hey ™ (2s 3S1) + ar(3p® lsg) ———s= (HeAr)* + e~ (5)

and dissociative recombination of (HeAr)® occurs through reaction:

T

(HeAr)* + e~ — (HeAr)* —» He(1s2 lsg) + Ar” (6)

where (HeAr) ™ is a short lived excited state in which the atoms are

repulsed by each other and Ar”* is a high lying ArI level. The second
Y g

possible dissociative recombination reaction is that of Arp*. It is
formed by:

Art(3p5 2p3,79) + 2Ar(3p® lsg) — Ar,* + Ar(3p® lsg) (7)
and by:

(HeAr)* + Ar(3p® lsg) ——— Arp* + He(1s2 lsg) (8)

and dissociative recombination of Ary* occurs through reaction:

Arpt + e ——— Ar,* ————— Ar”" + Ar(3p® lSo) (11)
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where Ar,” is an unstable excited molecule and Ar® is a high lying
level of ArI. Since the creation of the upper level was initiated £fr-om
a reaction of a metastable state of He via (5) and (6) or the ground
state of the argon or (HeAr) molecular ion via (7), (8) and (9), the
1ifecime for this creation rate of the laser upper level can be several

IS )

Previous investigators have found that reactions (5) and (6) have
created population inversions in Arl with an upper level of 3d or 2d''
in the afterglow of the positive column of a glow discharge when the
pressure of the helium-neon-argon mixture was > 50 Torr ([13]. These
investigators claimed that it was reactions (5) and (6) which created
the inversion in argon since the addition of a minute amcunt of argon
i~to the He-Ne laser device quenched the He-Ne laser output by
depleting the th*(?s 381) proulation.

The pressure in the discharge chamber of the flowing hollow cathode
system was measured to be 12 Torr when the gas f£low through tLae holl-
cathode was 6 liters per minute. Using this information, an estimat.i.n

of the excitation rate into the laser upper level through both types of

dissociative reccmbination was calculated using rate constants from

(14] and [15]. The rate of (9) was cal-ulated to ke 100 times greater
than the rate of (6). The pumping rate of (39) was estimated to be
dAr,*/d* 9y = 7 1013 em™3 571, (10)

This pumping rate is sufficient to generate a small signal gain of the

order of 3.3 10-3 em~! which is compatible with the observation of
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laser actien using totally reflecting mirrors. Therefcre, the 12702.2
A line of ArI near the cathode in the recombining plume might be

excized by dissociative recombination of Arp' through (9).

Continuous wave laser acticen of the 12702.2 A ArlI laser transicizn
w2g 2lzo <izer~d when dc excitation was provided to tihe hollow

cazthode. A plcot of the laser output intensity as a function of
excitaticn current with the axis of the optical path 0.5 cm away frcm
the cathcde is shown in figure 18. Two, 2 mm ~ollimators were used to
differentiate emissicon origination from various regions of the
discharge. The continuocus wave laser action was observed to have'a
threshold currenc of 0.35 A, maximized at 0.47 A and ceased to lase at
a current of 0.71 A. Figure 16 illustrates the variation of the laser
output power as a function of position from the hollow cathcde. The
maximum laser intensity was observed to occur at 0.5 cm from the
cathode and corresponds to the region of maximum excitation g
eclectrcn-ion recombination in the pulsed experiments.

Another argon transition was also observed to lase in a pulsed
manner at a measured wavelength of 12403 + 2 A. This transiticn is

assigned to the ArI line with a wavelength of 12402.8 A corresponding

he desigraticn 3d ([3/2]1° - 4p (3/2]; [7]. This laser line was

(s

to
observed to lase when the gas flcw was 1.1 liters per minute of Ar and
2.5 liters per minute of Hp using a tin cathode. The excitation
current was 10 A with a pulsewidth c¢f 15 Us, and there was a distance
of 0.1 cm between the cathode and optical cavity axis. While using the
copper cathode, this transition lased when the gas flows were 1 liter

per minute of Ar, 3 liters per minute of He and 1.5 liters per minute

;:------IIIIIllIllIlIlIIlllIlIIIIIIIlllllllllllllllllllllli
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ST Ho The excitaticn current was 25 A with a pulsewidth of 13 uUs, and
—hers was J.2 cm tetween the cathode and cptical cavity axis. o arcon
_ines wer=s cpserved to lase in the 1.5 - 2.0 Um spectcral region.

"7:: NN e ‘}\ﬂawvvnd T?CQY‘ f':‘:-—.,ﬂalo-i(\an

Laser oscillaticn Iin neon and molecular hydrcgen was also cbserved
Turing the exgeriments with the tin cathode three Nel laser transiticns
vere obserwved when the gas flows was adiusted to 1.5 liters ger minute
fcr Me and 4 liter rer minute for He. DMNeon was observed o oscillate
ap 11322 + 2 A The actual wavelength fcr this transition is 11322.73
A and ccrrespends to the transition 4s' (1/2]11° - 3p’ (3/213 {7]. The

excitarion current was 6 A with a pulsewidth of 27 s and 0.2 cm

berw~ween the cathode and the optical cavity axis. The other two Nel

o)

laser transiticns were observed when the gas flows in a Ne-Hp mixture
were 1.3 liters per minute for Ne and 1.3 liters per minute for Hs.
e corresponding cbserved wavelengths were 11178 # 2 and 11515 + 2 A

525.0 A respectively

[

Wwith the actual wavelenygths being 11177.5 and 1
(71. The corresponding transition assignments for these laser lines
are 4s' [3/2]2° - 3p [3/2}3 and 4s (3/2]:° - 2p [3/2]; respectively.
These t©wO transitions were observed to lase when the discharge current
was 15 A with a 15 HUs pulsewidth and 0.2 cm between the cathcde and the
optical cavity axis.

During the experiments with the Zn cathode, molecular hydrcgen was

cbserved to lase at 13056 + 2 A. This was assigned to the wavelength

LD =R (o

of 13056.62 A corresponding to a transition assignment of 25 3

‘ﬂ------IIlIlIlllllllIlIllllIIIIIllllllllllll.lllll.ll..i
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O - 2p '¥,7 P(4) 1 [16]. This transition was obserwved to lase with the
gas flows at 1.2 licers per minute for Hpy, 1.1 liters per minute fcr Ar
and 2 lizars per minute for He. The input current was 15 A with a
pulsewidth of 10 Us. fFigure 192 shows the output intensitv of the H->

laser T.ansizicn as a fanct:ion oI distance between the cathode and axi:z

VIII. Qthner Maral Vapcr Aftrerglows:

C-cper, iron and magnesium were also used for the slotted cathode
20 investigate vessible infrared laser transitions. Pulsed currents
reacaing 33 A at pulsewidths ranging frcm 10 to 30 Us were employed for
these cathodes. The distance between the cathode and optical cavity
varied from 0.1 to 1.0 cm. None of these materials were observed to

lase in the flowing hollow zathcede laser system in either the 1.0 - 1.5

or the 1.5 - 2.0 Um spectral regions.

IX. Summary.:

r oscillation in ten near-infrared laser transitions were

D

Las
cbtained in a flowing negative glcw plasma with 4 cm of gain medium

cptical path following the rocombination of both singly and doubly

charged ions. Table 1 summarizes the recombinaticn laser transitions
nbserved in the flowing hollow cathode plasma. The table lists the

cmbinatinn excited transiticn wavelengths, the transitional

assignments and the mode of operation. CW recombination laser
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19: Laser output of the 13056.% A laser transition of H; as a
function of the distance between the cathode and optical
cavity axis. Discharge current was 20 A with a pulsewidth
of 10 Us. Gas flows were the same as those of figure 4.10
with the addition of Hp. Two 2 mm diameter collimators

were employed.
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illation was obtained in argon. Four other electron-ion

O
(6]
0

acombination laser transitions were observed in PbI, PbII, ZnI and
SaII in a pulsed mede. The SnII laser transition is probably excited
by tcoth three-pody electron-ion recombination and a Penning reacticn
wizh the He metastables. Table 2 shows other laser transitions
rserved, the actual transition wavelength and the conditions for lacer
acticns. As shown for the .ase of laser oscillation in ZnIl, the

addition of hydrogen into the plasma cooled the plasma which, in turn,

A

significantly increased the excitation of the laser upper level via

electron-ion recombination.
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Table 1

.

Thserved Pecombination Laser Trarsitiens

CW Laser Action

Laser Medium Wwavelerath Transition Assicnment
DCemenstration
..o
Arl 12702.2 A 3dr(3r2) - 4p'[1/2}) L ves
i
3 3 o
Pbl 13100.1 A lp P L s pl no
2 o 2
PbII 13216.9 A 6f F - 7d D no
7/2 5/2
3 o 3
Znl 13151.4 A Sp Pl - 5s s . no
N 2 o 2
SnII 10743.3 A 5S¢ F - 64 D no
5/2 3/2

* The S5nIl transition is also likely to le excited through
Penning reactions with metastable helium atoms.
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Table 2

Orher Chserwved Laser Transitiens

Laser Medium Wavrelencth Transition Assianment
o
Arl 12402.8 A 3d [3/211 - dp (3/2}1
el
Nel 11522.8 A is’ ik/Z)l -~ 3p* 12/2) 2
o
Nel 11177.5 A 42! [3/2!2 - 3p {5/2]3
o
Nel 11525.0 A qs (3/21‘ - 3p (3/2)l
+ +
H 13056.6 A 2s 'l P(4)0 - 2p 'Y  P(4)1
2 [+] u
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